The enzymatic hydrolysis of cellulose is a thermodynamically challenging catalytic process that is influenced by both substrate-related and enzyme-related factors. In this study, a proteolysis approach was applied to recover and clean the partially converted cellulose at the different stages of enzymatic hydrolysis to monitor the hydrolysis rate as a function of substrate reactivity/ accessibility and investigate surface characteristics of the partially converted cellulose. Enzyme-substrate interactions between individual key cellulase components from wild-type Trichoderma reesei and partially converted cellulose were followed and correlated to the enzyme adsorption capacity and dynamic sugar release. Results suggest that cellobiohydrolase CBH1 (Cel7A) and endoglucanases EG2 (Cel5A) adsorption capacities decreased as cellulose was progressively hydrolyzed, likely due to the "depletion" of binding sites. Furthermore, the degree of synergism between CBH1 and EG2 varied depending on the enzyme loading and the substrates. The results provide a better understanding of the relationship between dynamic change of substrate features and the functionality of various cellulase components during enzymatic hydrolysis.
Introduction
The most expensive operations in biological processing of cellulosic biomass to fuels and chemicals are needed to release sugars with high yields from this naturally recalcitrant material. Unfortunately, such bioprocessing technologies struggle for commercial viability, at least partly because high enzyme doses are currently required to hydrolyze cellulose to glucose at the high yields vital to economic success (Wooley et al., 1999) and to compensate for the rapid fall-off in hydrolysis rate as conversion progresses (Desai and Converse, 1997; Eriksson et al., 2002; Ragauskas et al., 2006) . For example, the typical cellulase loadings of about 15 FPU/g cellulose used to achieve high yields of sugars from pretreated biomass could be translated into about 30 g of enzyme per liter of ethanol made, an extremely high and expensive dose. Thus, enzyme costs must either be reduced below about $2/kg protein or strategies developed to substantially reduce loadings (Himmel et al., 1999; Wingren et al., 2005; Wyman, 2007; Yang et al., 2011) . The limited understanding of hydrolysis reaction mechanisms and factors controlling hydrolysis effectiveness impede many promising applications in the real world (Himmel et al., 2007; Igarashi et al., 2011) . In particular, the rapid decline in cellulose hydrolysis rates over reaction time contributes to high enzyme demands, but the mechanism responsible for the resulting high cost of biomass bioconversion is not well understood. Previous results showing that the reactivity of pure cellulose (Avicel, microcrystalline cellulose) did not change appreciably with conversion by commercial cellulases (Yang et al., 2006) indicated that the drop off in reaction rate for continual cellulose digestion could not be attributed to changes in the substrate reactivity and pointed to other effects such as enzymes getting "stuck" or "jamming, " slowing down, and effects of cellulose intermediates being responsible (Igarashi et al., 2011; Sugimoto et al., 2012) .
Researchers have proposed a number of hypotheses to explain this observation that can be generally be viewed in terms of two groups: substrate related factors and enzyme related factors (Yang et al., 2011) . Enzyme related factors may include thermal denaturation/deactivation of cellulases, inhibition by hydrolysis intermediates, enzyme slowing down/stopping, improper enzyme loading and activity combinations, and competition or enzyme crowding on the cellulose surface. Substrate related factors that can greatly affect hydrolysis rates include changes in crystallinity and DP, alternation/reduction of binding sites, heterogeneous structure of the substrate, and transformation into a less digestible form (Mansfield et al., 1999) .
Further complicating the investigation is that enzyme synergism, commonly observed among cellulases, is influenced by both enzyme sources and substrate features (Van Dyk and Pletschke, 2012) . Based on widely accepted "exo-endo" synergy, endoglucanases hydrolyze internal glycosidic bonds of cellulose chains after which cellobiohydrolase act as exoglucanases and split off cellobiose units from the reducing or non-reducing chain ends. This "exoendo" synergism is based on the assumption that the two types of cellulases attack different regions of the cellulose chain and create new binding/attacking sites for each other. However, substrate properties, especially cellulose heterogeneity and physical characteristics, and enzyme properties, such as enzyme types, ratios of different enzyme activities, and enzyme-to-substrate ratios, all affect the synergism among enzymes during cellulose hydrolysis.
Although previous research provided valuable insights into cellulose-cellulase interactions during hydrolysis, only very few monitored enzyme activity on cellulose with a "clean surface. " By removing reacted enzymes from partially hydrolyzed cellulose and adding fresh enzymes back to the remaining cellulose, this "restart" protocol delineared factors associated with cellulase alterations (Yang et al., 2006) . As a result, property and structure changes of cellulose and the influence on enzymes during enzymatic hydrolysis can be investigated. Furthermore, the full understanding of the cooperative action of cellulases requires observation of both synergistic sugar production and enzyme adsorption in the same experiments, since it is the adsorbed enzyme that causes hydrolysis.
To better understand the mechanism of enzymatic hydrolysis of cellulose, the study reported here applied a restart protocol (Yang et al., 2006) to measure how cellulose reactivity changed and the interaction of cellulose with key cellulase components over the course of enzymatic hydrolysis. This approach allowed us to accurately monitor the hydrolysis rate as a function of substrate reactivity/accessibility and surface characteristics of partially converted cellulose while excluding the impact of cellulase changes over the hydrolysis period. Accordingly, purified cellobiohydrolase CBH1 (Cel7A) and endoglucanases EG2 (Cel5A) from wild-type Trichoderma reesei were used to investigate the effect of enzymesubstrate interactions on reaction rates. Synergism of these key components was studied to investigate their cooperativity on partially hydrolyzed cellulose.
Materials and Methods

Materials
Avicel PH101 (Lot No. 1344705) is a microcrystalline cellulose (MCC) containing more than 97% cellulose and less than 0.16% water soluble materials. Cellulose hydrolysis was performed using the complete T. reesei cellulase system Spezyme CP with protein content of 116 mg/mL and cellulase activity of 62 FPU/mL (DuPont Industrial Biosciences (formerly Genencor, a Danisco Division), Palo Alto, CA) and a commercial b-glucosidase preparation Novozyme 188 with a protein content of 125 mg/mL and activity of $665 CBU/mL (Sigma-Aldrich, St. Louis, MO). Purified CBH 1 (Cel7A by CAZy nomenclature, Lot# 080703) and EG2 (Cel5A by CAZy nomenclature, Lot# 061207) derived from wild-type T. reesei with >98% purity (determined using SDS-PAGE) were generously provided by DuPont Industrial Biosciences (formerly Genencor, a Danisco Division). The purified CBH1 and EG2 fractions were concentrated by ultrafiltration to >30 mg protein/mL using Vivaspin 15R concentrators (Vivaproducts, Littleton, MA) with 10 kDa MW cut-off against 50 mM sodium acetate buffer (pH 4.8). The amount of enzymes was translated from mass to moles or vice versa based on the following molecular weights: CBH1, 64,000 g/mol and EG2, 48,000 g/mol (Ståhlberg et al., 1991) .
Preparation of Partially Hydrolyzed Cellulose
Enzymatic hydrolysis of Avicel was interrupted at 1, 2, 4, 5, 15 h at an enzyme loading of 60 FPU Spezyme CP plus 120 CBU of Novozyme 188 per gram cellulose. The solids and liquid were separated by centrifugation. Avicel and the solid residues were washed using the proteolysis approach described previously (Yang et al., 2006) . The washed solids were lyophilized (Labconco, Kansas City, MO) and weighed. The partially hydrolyzed cellulose samples had experienced 0%, 28%, 41%, 68%, 74%, and 81% conversion of glucan (Table I) .
Physiochemical Characterization of Partially Hydrolyzed Cellulose
Crystallinity index (CrI) of the partially hydrolyzed cellulose was measured by an X-ray diffractometer. CrI was calculated from the height ratio between the intensity of the crystalline peak (I 002 -I AM ) and total intensity (I 002 ) after subtraction of the background signal measured without cellulose (Park et al., 2010) .
Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) was conducted on a Bruker Optics Vertex system (Billerica, MA) with built-in diamond-germanium ATR single reflection crystal. Partially hydrolyzed cellulose samples were pressed uniformly against the diamond surface using a springloaded anvil. Sample spectra were obtained in duplicates using an average of 128 scans over the range from 850 to 2000 cm À1 with a spectral resolution of 2 cm À1 . Baseline correction was performed using the rubberband method as described elsewhere (Singh et al., 2009) .
Raman spectra were collected using a Bruker MultiRAM FT-Raman spectrometer equipped with a 1064 nm diode laser (Bruker Optics, Inc., Billerica, MA). A laser power of 100 mW was applied to all samples to provide sufficient signal-to-noise (S/N) ratios without saturating the detector. A total of 128 scans were performed on each cellulose sample with the spectral resolution set at 4 cm À1 . The acquired spectra in the range of 200-3400 cm À1 were smoothed and baseline corrected using OPUS software (Bruker Optics, Inc., Billerica, MA). Raman peaks related to cellulose (Table SI) were assigned based on databases reported elsewhere (Larsen and Barsberg, 2010; Wiley and Atalla, 1987) .
The surface morphology and ultra-structure of the freeze-dried cellulose particles were imaged by using an Asylum Research MFP-3D atomic force microscopy (AFM) system (Santa Barbara, CA). All cellulose samples are fixed on small metal plates. Because the samples were in powder form, all cellulose powders were spread homogenously on a metal plate that had been painted with a thin epoxy layer to fix the cellulose particles in a form suitable for the AFM system. Then, a freshly peeled mica thin layer was pressed against the cellulose powders to generate a smoother flat surface and the epoxy allowed to dry with a nitrogen gas spraying off the top covered mica. Due to the steep surface slope, a high aspect ratio cantilever (MSS_FMP-13 from NanoTools) was selected as the AFM probe. The scan size ranged from a couple of microns to a couple of hundred nanometers, with the highest resolution being <1 nm. All images were processed using Igor software (Asylum Research AFM systems).
CBH1 and EG2 Adsorption on Cellulose When Loaded Alone
Cellulase adsorption was conducted in 1.5 mL Eppendorf LoBind microcentrifuge tubes (protein loss <3%, Catalog# Z666491, Sigma-Aldrich). An appropriate amount of concentrated CBH1 or EG2 was mixed with partially hydrolyzed cellulose samples in 50 mM pH 4.8 acetate buffer to achieve a final enzyme loading of $0-2.5 mmol protein per gram cellulose. The mixtures were incubated at 4 C for 4 h to equilibrate, and then the solids and liquid were separated by centrifugation at 8000 rcf for 1 min at 4 C. Protein concentrations in the liquid fraction (mmol/mL) were measured at a wave length of 280 nm (UV) by a SpectraMax M2 spectrometer (Molecular Devices, Sunnyvale, CA) and used to calculate protein binding to cellulose using the following extinction coefficients (M À1 cm À1 ): 78,800 and 64,000 for CBH1 and EG2, respectively (Ståhlberg et al., 1991) .
CBH1 and EG2 Adsorption on Cellulose When Loaded Together
For synergistic enzyme adsorption, CBH1 was labeled by a Alexa Fluor 594 (AF594) succinimidyl esters kit (Molecular Probes, Inc., Eugene, OR) prior to mixing with EG2. First, 50 mL of 1 M bicarbonate was mixed with 0.5 mL of CBH1 protein solution ($1 mg protein) and an appropriate amount of reactive dye. The reaction mixture was incubated with stirring at room temperature for 90 min. Labeled protein was separated from excess dye by running the reaction mixture through a size exclusion purification resin column. AF594-labeled CBH1 was collected in a 1.5 mL Eppendorf LoBind microcentrifuge tube and used immediately for adsorption. The AF594 label was functionalized with Nhydroxysuccinimidyl ester that reacts with the primary amines of lysine residues in the enzyme. Similarly, labeled cellulases have been shown previously to retain their original activity on cellulose (Jeoh et al., 2002) .
AF594-labeled CBH1 together with equal molar unlabeled EG2 were added to interrupted Avicel samples in 50 mM pH 4.8 acetate buffer to achieve a final CBH1 and EG2 loading of $0-2.0 mmol protein for each enzyme per gram cellulose. Adsorption mixtures were incubated at 4 C for 4 h to equilibrate, and then the solids and liquid were separated by centrifugation. Total free protein concentrations in the liquid fraction (mmol/mL) were measured at a 280 nm UV wavelength by a SpectraMax spectrometer (Molecular Devices) (Ståhlberg et al., 1991) . The concentrations of AF594 labeled CBH1 were determined by correlating the fluorescence intensity of the fluorophores with protein concentrations at suggested excitation/emission wavelengths for CBH1 of 594 and 617 nm, respectively. EG2 concentrations in the liquid (mg/mL) were extrapolated by subtracting CBH1 measured by fluorescence from total free protein in the liquid measured at 280 nm and used to calculate protein binding to cellulose. 
Isothermal Adsorption Models
The Langmuir isotherm equation (Beldman et al., 1987) was used to describe cellulase adsorption on cellulose, with the parameters estimated by the non-linear optimization toolbox in MatLab 7.5 (The MathWorks, Inc., Natick, MA):
In Equation (1), E bound , E free , s, and k d represent the amount of cellulase adsorbed on the solids (mg/g solids), the amount of cellulase remaining in solution (mg/mL), the maximum cellulase adsorption capacity (mg/g solids), and the equilibrium constant (mg/mL), respectively.
Hydrolysis of Partially Hydrolyzed Cellulose and Sugar Quantification
Partially hydrolyzed cellulose was hydrolyzed with individual cellulase components or their mixtures at different loadings at 50 C for 1 and 24 h, respectively. After hydrolysis, the liquid and solids were separated by centrifugation, and the residual solids were washed, dried, and weighed to estimate cellulose solubilization. Glucose and cello-oligomers in hydrolysate were measured using a Dionex IC equipped with electrochemical detector and CarboPac PA100 column and calibrated by sugar standards of glucose, cellobiose, and cellotriose (Sigma-Aldrich). DP>3 cellodextrins were estimated by subtracting glucose, cellobiose, and cellotriose from total cellulose solubilization and confirmed by post-hydrolysis with dilute acid (Sluiter et al., 2010) . First hour (initial hydrolysis rate) and 24 h glucose and cellulose oligomer release patterns of partially hydrolyzed cellulose were monitored for various loadings of single enzyme components (CBH1 and EG2) and their combinations. Sugar release during cellulose hydrolysis by single or mixed CBH1 and EG2 were calculated as a percentage of total loaded cellulose. The degree of synergism (DOS) is defined by Equation (2).
in which, Y CBH1þEG2 is the sugar released by CBH1 and EG2 mixtures and Y CBH1 and Y EG2 are the sugar released by individual CBH1 and EG2, respectively.
Results
Generation of Partially Hydrolyzed Cellulose
Enzymatic hydrolysis of micro-crystalline cellulose (MCC, trademark name: Avicel) was interrupted at 1, 2, 4, 5, and 15 h to result in 28%, 41%, 68%, 74%, and 81% cellulose conversion, as shown in Table I . Table I also shows that the incremental hydrolysis rate was virtually constant when hydrolysis was "restarted" with solids from each stage of partial hydrolysis. This is in general agreement with previous studies by Yang et al. (2006) . In addition, the reducing end content of untreated and partially hydrolyzed cellulose reported in Table I showed no statistical differences over 0-15 h. The data in Table I also show that small changes were measured in the CrI of partially hydrolyzed cellulose over the entire 15 h hydrolysis period compared with untreated Avicel. For instance, 1 h of partial cellulose hydrolysis (28% conversion) increased the CrI slightly from 65.1% for untreated Avicel (0% conversion) to about 70%, suggesting amorphous cellulose removal. However, the CrI of cellulose interrupted at 2-5 h (41-74% conversion) stayed about the same, while the CrI of cellulose interrupted after 15 h (81% conversion) dropped slightly, likely due to significant crystalline cellulose deconstruction during digestion.
Characterization of Partially Hydrolyzed Cellulose
Spectrometric and microscopic techniques were used to investigate the compositional and surface morphological characteristics of untreated and partially converted cellulose samples. Figure S1 summarizes ATR-FTIR spectra, while Figure S2 shows the FT-Raman spectra of untreated and partially converted cellulose. FTIR and FT-Raman spectra confirmed a slight crystallinity increase as enzymatic hydrolysis proceeds, but no significant changes in band intensities were observed at 1056 cm À1 (C-O stretch in cellulose). However, the peak intensity of the C-O vibration of the crystalline cellulose (around 1098 cm À1 in FTIR spectra) in partially hydrolyzed cellulose samples (28-81% conversion) increased from that for untreated cellulose. The spectra obtained from partially hydrolyzed cellulose clearly show an increase of the crystalline cellulose band at 1098 cm À1 , while the amorphous band at 900 cm À1 remained nearly unchanged, confirming a slight increase in crystallinity compared with untreated cellulose as measured by XRD.
Differences in FT-Raman spectra between untreated and partially hydrolyzed cellulose suggest that the hydrogen bonding patterns differed in each of these cellulose samples. In the low frequency region (600-250 cm À1 ), there were only minor differences between the spectra of 28%, 41%, 68%, 74%, and 81% converted cellulose, but the peaks in the untreated cellulose spectrum were narrower and better resolved, probably due to the uniform vibration energy associated with the larger crystallites size of the untreated cellulose. The most notable difference between the untreated and partially hydrolyzed cellulose spectra in the low frequency region was the ratio of peak intensities at 913 and 1056 cm À1 (I 913/1056 ). These ratios were higher for the spectrum of untreated cellulose than for partially hydrolyzed cellulose and appear to be inversely correlated with crystallinity and cellulose DP (Wiley and Atalla, 1987) . The ratio of peak intensity of 381-1091 cm À1 has been previously used to determine crystallinity (Agarwal et al., 2013) , and disappearance of the 381 cm À1 peak indicates a reduction in amorphous cellulose and increase in crystallinity in partially hydrolyzed cellulose samples. In the O-H stretching region (3200-3600 cm À1 ), the notable differences between untreated and partially hydrolyzed cellulose reflect plausibly different hydrogen bonding patterns among these samples (Agarwal et al., 2013) . Figure 1 reveals the surface morphology and ultra-structure of partially hydrolyzed cellulose imaged by atomic force microscopy (AFM) with a representative image field of 1.0 Â 1.0 mm 2 . The phase images provide better contrast in surface morphology, while the 3D topography images reveal the relative roughness of the scanned surface. The AFM scan of untreated cellulose (0% converted) revealed both highly ordered fiber bundles and an amorphous structure. However, AFM scans of the partially hydrolyzed cellulose (28% converted) revealed slightly etched surfaces and edges and highly etched surface and edges (68% converted). The AFM scan of the near-completely converted (81%) cellulose showed deeply etched surfaces and edges and some isolated fractions of cellulose hydrolysis residuals. The root mean square (RMS) surface roughness was also calculated from the 3D topography images. For untreated cellulose, the RMS roughness was approximately 29.9 AE 5.4 nm, while for 28% converted cellulose, the RMS roughness stayed approximately the same at about 30.3 AE 6.1 nm. However, RMS roughness of the cellulose surface dropped to 19.3 AE 3.3 nm and 8.1 AE 1.1 nm with 68% and 81% conversion, respectively. The reduced surface roughness could be due to hydrolysis removing top layers that include randomly distributed cellulose microfibers and the amorphous region to expose more ordered and packed crystalline cellulose.
CBH1 and EG2 Adsorption on Partially Hydrolyzed Cellulose
Enzyme adsorption is plotted against CBH1 and EG2 loadings of 0-2.5 mmol/g cellulose for loading of CBH1 and EG2 alone in Figure 2 or together in equal molar amounts in Figure 3 to partially hydrolyzed cellulose. The results in Table I show that the cellulose adsorption capacity of CBH1 and EG2 rapidly dropped as cellulose hydrolysis progressed, while the hydrolysis rate remained fairly constant. The enzyme adsorption capacity also dropped as enzymatic hydrolysis proceeded when CBH1 and EG2 were loaded together at equal molar concentrations. Interestingly, the sums of enzyme capacities of CBH1 and EG2 when loaded together were similar to the adsorption capacity of individual enzymes when loaded separately. In addition, results showed that EG2 occupied more adsorption sites than CBH1 when loaded at similar molar concentrations, although CBH1 is dominant in natural cellulases systems, such as from T. reesei. The adsorption parameters calculated based on the Langmuir model, that is, the maximum cellulase adsorption capacity, s, and equilibrium constant, k d , are listed in Table II . These results show that the CBH1 adsorption capacity dropped dramatically from 1.02 mmol/g cellulose for untreated Avicel to 0.59 mmol/g cellulose for 28% converted cellulose and then dropped gradually from 0.52 to 0.37 mmol/g as hydrolysis continued to 41-81% cellulose conversion. Similar trends can be seen for EG2 adsorption on partially hydrolyzed cellulose. However, in general agreement with many previous reports, the EG2 adsorption capacity was higher than for CBH1 (Medve et al., 1994) . For instance, the EG2 adsorption capacity for unconverted cellulose of 1.63 mmol/g cellulose was much higher than the value of 1.02 mmol/g cellulose measured for CBH1.
When CBH1 and EG2 were added at the same time, adsorption capacities of both enzymes were much lower than when they were applied alone. As shown in Table II , CBH1 and EG2 adsorption capacities to unconverted cellulose were 0.40 and 0.71 mmol/g cellulose, respectively, which are only about 50% of their adsorption capacities when they were loaded alone. As hydrolysis proceeded, both CBH1 and EG2 adsorption capacities dropped. For example, CBH1 adsorption capacity dropped from 0.40 mmol/g on unconverted cellulose to 0.16 mmol/g on 28% converted cellulose and further to 0.05 mmol/g on the 81% converted cellulose produced after 15 h of hydrolysis. The drop in adsorption capacity provided evidence for depletion of binding sites for both CBH1 and EG on cellulose surfaces as hydrolysis proceeded. In addition, competition for binding sites or enzyme crowding could also lead to the reduction in adsorption capacity (Levine et al., 2010) . Moreover, the CBH1 adsorption capacity was much lower than that of EG2, and the difference grew as hydrolysis proceeded, irrespective of whether these enzymes were added alone or together. As shown in Table I , the ratio of the maximum cellulase adsorption capacity s of EG2 to that of CBH1 increased from 1.60 for unconverted cellulose to 3.13 for 81% converted cellulose. Similarly, when CBH1 and EG2 were loaded together in equal molar amounts, the s ratio of EG2:CBH1 increased from 1.77 with unconverted cellulose to 6.33 with 81% converted cellulose, probably because more binding sites for EG2 became available as hydrolysis proceeded (Medve et al., 1998) . Figure 4 reports sugar yields produced during the 1st hour of hydrolysis of partially hydrolyzed cellulose to measure how the hydrolysis rate changes for CBH1 and EG2 alone at low (0.1 mmol/g cellulose), high (1.0 mmol/g cellulose), and together in equal molar enzyme loadings, respectively. In general, larger amounts of glucose and cellulose oligomers were released when cellulose was hydrolyzed by CBH1 alone than by EG2 alone. For example, at enzyme loading of 0.1 mmol/g cellulose, CBH1 hydrolyzed about 1.5-2.3% of the initial cellulose to glucose while EG2 liberated only 0.4-1.1% in the same 1 h period. Similarly, at an enzyme loading of 1.0 mmol/g cellulose, CBH1 solubilized about 3.2-5.7% of the initial cellulose while EG2 only released 1.0-1.2%. When the two enzymes were loaded together, sugar yields increased from that measured for the individual enzyme due to the synergy between exo-and endoglucanases.
Substrate Reactivity as Revealed by 1st Hour Hydrolysis Rate
Further examination of the sugar profiles in Figure 4 shows that adding CBH1 alone primarily released glucose, cellobiose, and DP>3 cellodextrins. For example, at a CBH1 loading of 1.0 mmol/g cellulose, about equal amounts of glucose and cellobiose (1% each) were released, while DP>3 cellodextrins accounted for 2-3% of the iniital cellulose. However, adding EG2 alone mostly released DP>3 cellodextrins and very low levels of glucose and cellobiose. These observations are in line with CBH1 mainly attacking reducing ends of cellulose to release cellobiose and glucose and EG2 randomly attacking the middle of cellulose chains to release higher DP cellodextrins (Medve et al., 1994) . Adding the two enzymes at the same time released mostly glucose, a smaller portion of DP>3 cellodextrins, and little cellobiose due to exo-endo synergism. Ratios of cellobiose/ (glulose þ cellotriose) in the sugar products during 1st hour of hydrolysis were calculated (Table SII) as an indicator of processivity (Nakamura et al., 2014) . It is shown that the ratios of cellobiose/(glucose þ cellotriose) were affected by both the CBH1 and EG2 loading/combination and the substrate, suggesting that the processivity correlates to both factors.
Equilibrium Sugar Release as Revealed by 24 h Hydrolysis
The 24 h sugar yields in Figure 5 provide another measure of the effectiveness of CBH1 and EG2 and their combinations. First, we can see that substantial sugar release occurred between 1 and 24 h of hydrolysis of partially hydrolyzed cellulose samples, especially when CBH1 and EG2 were loaded together. For instance, a CBH1 loading of 0.1 mmol/g cellulose hydrolyzed approximately 3-5% of the cellulose to sugars, primarily in the forms of cellobiose and DP>3 cellodextrins. The primary sugars released by EG2 were DP>3 cellodextrins with small portion of glucose and cellobiose at an EG2 loading of 0.1 or 1.0 mmol/g cellulose; however, the approximately 1-3% of cellulose hydrolyzed to sugars by EG2 was lower than that by CBH1. Adding CBH1 and EG2 together converted as much as 15% and 27% of the cellulose into sugars (with over 50% of DP>3 cellodextrins) at enzyme loadings of 0.1 and 1.0 mmol/g cellulose of each enzyme, respectively. Furthermore, as a general trend, less sugar was released from hydrolysis of 28-81% converted cellulose than that from unconverted cellulose, consistent with their reduced absorption capacities (Table II) . Low absorption capacities resulting from "depletion" of binding sites along with accumulation of DP>3 oligosaccharides may contribute to the drop in sugar release, especially at lower enzyme loadings or with unbalanced enzyme mixtures. Figure 6 shows how the DOS between CBH1 and EG2 changes with cellulose conversion at enzyme loadings of 0.1 and 1.0 mmol/g cellulose, respectively. In general, a DOS greater than 1.0 indicates synergy between CBH1 and EG2, while a DOS less than 1.0 results from competition between CBH1 and EG2 when loaded together. An enzyme loading of 0.1 mmol/g cellulose resulted in a DOS of 1.4 for hydrolysis of untreated Avicel (0% conversion) during the 1st hour ( Fig. 6a ), but the synergism dropped to approximately one for the 1st hour of hydrolysis of partially converted cellulose (28-81% conversion), indicating reduced synergy between CBH1 and EG2. However, DOS increased substantially to 1.9 for 24-h hydrolysis of untreated Avicel (0% converted) and leveled off to $1.5-1.7 for 28-81% converted cellulose samples, demonstrating strong synergistic effects between CBH1 and EG2 (Fig. 6b) . Interestingly, for all but untreated Avicel (0% converted), the DOS for partially hydrolyzed cellulose dropped to about 0.75 at a CBH1 and EG2 loading of 1.0 mmol/g cellulose, indicating competition of CBH1 and EG2 (Fig. 6c ). Furthermore, at the 24-h hydrolysis time, the DOS for the CBH1 and EG2 loading of 1.0 mmol/g cellulose leveled off at $1.0, a much lower value than for CBH1 and EG2 loadings at 0.1 mmol/g cellulose (Fig. 6d) . These results indicate that high CBH1 and EG2 loadings may result in enzyme crowding or competition that limits both enzyme adsorption to cellulose and the sugar release.
DOS
Discussion
Many kinetic studies report that the cellulose hydrolysis rate by cellulases drops during cellulose hydrolysis, due to an array of factors (Mansfield et al., 1999; Yang et al., 2011) , and "Interrupt" and "restart" experiments have been employed to identify factors that affect cellulose hydrolysis (Desai and Converse, 1997; Zhang et al., 1999) . A "restart" experiment washes away sugars and intermediate hydrolysis products and the attached cellulases from partially hydrolyzed cellulose surface and introduces fresh enzymes to the washed substrates. The washing procedure usually applies harsh chemicals or solvents that may also cause irreversible alteration of the substrates (Hong et al., 2007; Zhu et al., 2009) . To minimize such possibilities, this study applied proteinase treatment to remove cellulases followed by proteinase inhibitors to deactivate the proteinase before restarting cellulose hydrolysis at original conditions (Yang et al., 2006) . Thus, adding enzymes to these "restarted" samples gives a picture of how reactivity of the cellulose shifts with conversion due to changes in the substrate that is independent of loss of enzyme activity or mobility and facilitates understanding dynamic interactions between enzyme and cellulose. Cellulose substrates (e.g., Avicel) are usually not structurally uniform, and cellulases have different affinities and reactivities with crystalline and amorphous portions. The resulting solid substrates interrupted during cellulose hydrolysis have different characteristics due to creation of new cellulose chain ends by endoglucanases and cleavage of cellulose chains by exoglucanases (Kostylev et al., 2012) . Cellulose crystallinity has long been thought to play an important role in enzymatic hydrolysis. However, the reported changes in CrI after enzymatic hydrolysis have not shown a clear correlation to sugar yields (Park et al., 2010) . Even though studies have produced evidence to support CrI increases during enzymatic hydrolysis (Wang et al., 2006) , the increases reported have often been small, in line with the observation in this study. For instance, Chen et al. (2007) measured only a 2.6% increase in CI after 18% conversion of bacterial cellulose, while Wang et al. (2006) reported only a 2.0% increase in CrI after 6 days of hydrolysis of cotton fibers by crude cellulases. Nevertheless, other studies suggested that the CrI of partially hydrolyzed cellulose could drop due to breakdown of cellulose chains into more random arrangements (Park et al., 2010) . However, the initial increase and subsequent drop in CrI reported in our paper indicates a dynamic hydrolysis process that favors digestion of the amorphous cellulose component at the start of conversion followed by shifting to breakdown of crystalline cellulose structures. However, no direct evidence can be gathered as to whether there is a preferential digestion of amorphous or crystalline cellulose regions.
Recent developments in high-resolution/high-speed atomic force microscopy (AFM) offer potential tools to reveal the surface morphology and physical proximity of substrate-enzyme reactions (Igarashi et al., 2009 (Igarashi et al., , 2011 . AFM imaging of both highly ordered fiber bundles and amorphous structures in this study provided direct evidence of cellulose surface morphology becoming flatter at the1 mm scale as enzymatic hydrolysis of Avicel proceeded (Fig. 1) . Interestingly, AFM scans of partially converted cellulose (28% conversion) also revealed slightly etched surfaces and edges and increased roughness of surface. AFM scans of the near-completely converted cellulose revealed much greater etching of surfaces and edges and less surface roughness. The AFM observations in combination with FTIR and FT-Raman provide evidence of the dynamic enzyme action changing the surface morphology and structure. These altered surface features may greatly impact enzyme adsorption on cellulose and enzyme processability for sugar release.
Enzymatic hydrolysis of cellulose is a multiphase reaction in which cellulases attack solid substrate surfaces to release soluble sugars monomers and oligomers with subsequent hydrolysis to sugar monomers taking place in the liquid phase. The necessary adsorption of cellulase on the solid substrate prior to hydrolysis beginning requires recognition of a binding site by cellulases followed by physical absorption to cellulose (Beldman et al., 1987; Ståhlberg et al., 1991 Ståhlberg et al., , 1993 . Therefore, substrate features greatly affect cellulase adsorption (Beguin and Aubert, 1994) . Results from this study showing a clear trend of reduced adsorption of both CBH1 and EG2 when they were loaded alone on partially hydrolyzed cellulose compared to that of untreated Avicel cellulose indicates that the overall number of available binding sites drops as hydrolysis progresses or the substrate becomes less accessible to enzymes. Moreover, the adsorption capacity declined even further when CBH1 and EG2 were loaded together, possibly because of competition for binding sites on the cellulose substrate. Similar phenomenon has been reported previously for CBH1/CBH2 or CBH1/EG2 combinations (Medve et al., 1994 (Medve et al., , 1998 . It is also noticed that the coefficient of determination (R 2 ) is low for the synergistic adsorption of CBH1 and EG2 when adsorption data were fit into Langmuir equation. A recent study suggested that the Hill's model was superior to Langmuir model for synergy experiments probably due to changes of cooperativity (the steric exclusion effect) when both CBH1 and EG2 were loaded (Sugimoto et al., 2012) . This observation may also tie to the enzyme "crowding" as supported experimentally from this study and a recent modeling work (Levine et al., 2010) .
Interestingly, in addition to the adsorption capacities of CBH1 and EG2 dropping with conversion, the ratio of bound EG2 and CBH1 also changed. High concentrations of EG2 alone bound to untreated Avicel cellulose to a considerably higher extent than CBH 1, consistent with a previous finding (Medve et al., 1998) . Furthermore, the two enzymes competed for binding sites when loaded together at a high loading, that is, binding of EG2 was significantly affected by CBH 1, and vice versa. For the first time, results from this study revealed that the adsorption capacity ratio of EG2 to CBH1 increased as cellulose hydrolysis progressed even though the overall binding capacity dropped. Two mechanisms could, in principle, explain the lower adsorption of EG2 or CBH1: (i) CBH 1 hydrolyzes EG2's binding sites ("depletion") or (ii) CBH 1 occupies EG2's binding sites ("competition"). Enzyme "crowding" or "jamming" could also be responsible for a drop in cellulase adsorption and hydrolysis rates (Bansal et al., 2009; Bonsal et al., 2012) . Results from this study experimentally support results of recent modeling work that predict enzyme crowding is more apparent for low surface areas (Levine et al., 2010) . Additional analysis indicates that both the CBH1 and EG2 loading/combination and the substrate affect the ratios of cellobiose/(glucose þ cellotriose) in the hydrolysis products, suggesting that the processivity correlates to both factors, in agreement of a recent study correlating the ratio with the actual processivity measured by HS-AFM (Nakamura et al., 2014) .
Although synergism among Trichoderma cellulase components has been greatly studied (Beldman et al., 1988; Jeoh et al., 2006; KlemanLeyer et al., 1996) , the results are often contradictory. A primary reason for such inconsistencies probably results from differences in substrates and experimental conditions and variations in enzyme purity (Reinikainen et al., 1995) . Nonetheless, it is apparent that synergism depends on the ratio of the individual enzymes, substrate saturation, and physicochemical and surface properties of the substrate (Henrissat et al., 1985; Nidetzky et al., 1993) . The results reported here reveal some interesting insights into the synergistic action of CBH1 and EG2 on partially hydrolyzed cellulose. During the first hydrolysis hour, the DOS of CBH1 and EG2 was greater than one only for untreated Avicel (0% converted) regardless of enzyme loading. However, the DOS dropped significantly for partially hydrolyzed cellulose, especially at a high enzyme loading (1.0 mmol/g cellulose). These results are supported by previous findings that the degree of synergistic effects between binary exo/endo Thermobifida fusca cellulases mixtures was sensitive to enzyme loadings (Jeoh et al., 2006) . Furthermore, EG2-CBH1 synergies have been proposed to be most evident at sufficiently high cellulose surface areas (Levine et al., 2010) , and synergism drops as the available substrate surface area becomes low (Igarashi et al., 2009 (Igarashi et al., , 2011 .
Conclusions
A "restart" protocol was applied to identify factors that control the rate of cellulose hydrolysis by enzymes. For the first time, our results revealed dynamic profiles for enzyme adsorption, sugar release, and oligosaccharide yields over time for interrupted enzymatic hydrolysis of Avicel by purified CBH1 and EG2 enzyme components and their combinations. When the enzymes were applied individually, CBH1 and EG2 adsorption capacities dropped rapidly with conversion and then leveled off likely due to the "depletion" of binding sites as cellulose was progressively hydrolyzed. Sugar release patterns generally correlated well with enzyme adsorption on untreated and partially hydrolyzed cellulose. Moreover, these results suggest that more oligosaccharides (DP>3 cellodextrins) than soluble sugars could be produced during cellulose hydrolysis and that both cellulose substrate and enzyme loadings and combinations influenced sugar time release profiles. Further investigation of such aspects as oligomer distributions, effective enzyme binding capacities, and depolymerization equilibration will help aid in understanding cellulase-cellulose interactions and factors governing cellulose reactivity. This study also suggests that kinetic models of cellulose hydrolysis should include correlating cellulose reactivity, oligosaccharide distribution, the effective enzyme binding capacity, and equilibration of depolymerization in order to fully understand enzymatic hydrolysis of cellulose.
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